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Abstract 37 
We measured the concentrations and isotopic compositions of solid phase extracted 38 
(SPE) dissolved organic carbon (DOC) and high molecular weight (HMW) DOC and their 39 
constituent organic components in order to better constrain the sources and cycling of DOC 40 
in a large oligotrophic lacustrine system (Lake Superior, North America). SPE DOC constituted 41 
a significant proportion (41-71 %) of the lake DOC relative to HMW DOC (10-13%). 42 
Substantial contribution of 14C-depleted components to both SPE DOC (∆14C = 25 to 43‰) and 43 
HMW DOC (∆14C = 22 to 32‰) was evident during spring mixing, and depressed their 44 
radiocarbon values relative to the lake dissolved inorganic carbon (DIC; ∆14C ~ 59‰). There 45 
was preferential removal of 14C-depleted (older) and thermally recalcitrant components from 46 
HMW DOC and SPE DOC in the summer.  Contemporary photoautotrophic addition to HMW 47 
DOC was observed during summer stratification in contrast to SPE DOC, which decreased in 48 
concentration during stratification.  Serial thermal oxidation radiocarbon analysis revealed a 49 
diversity of sources (both contemporary and older) within the SPE DOC, and also showed 50 
distinct components within the HMW DOC.  The thermally labile components of HMW DOC 51 
were 14C-enriched and are attributed to heteropolysaccharides (HPS), peptides/amide and amino 52 
sugars (AMS) relative to the thermally recalcitrant components reflecting the presence of older 53 
material, perhaps carboxylic-rich alicyclic molecules (CRAM).  The solvent extractable lipid-54 
like fraction of HMW DOC was very 14C-depleted (as old as 1270-2320 14C years) relative to the 55 
carbohydrate-like and protein-like substances isolated by acid hydrolysis of HMW DOC. Our 56 
data constrain relative influences of contemporary DOC and old DOC, and DOC cycling in a 57 
modern freshwater ecosystem.  58 
 59 
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1. Introduction 60 
Dissolved organic carbon (DOC) is ubiquitous in aquatic ecosystems and is important in 61 
carbon and energy flow in food webs (Mann et al. 2015; Hitchcock et al. 2016), and in the 62 
cycling of nutrients, organic pollutants and trace metals (Riedel et al. 2013).  Lakes play 63 
important roles in the global carbon cycle with an estimated CO2 emission of 140 Tg C y-1 (Cole 64 
et al. 1994) and annual carbon burial of up to 58% more than the oceans (Dean and Gorham, 65 
1998). However, the sources and cycling of DOC in freshwater lacustrine systems, especially 66 
large lakes, are not well understood.  This is primarily because DOC consists of a complex 67 
mixture of organic functional groups present in various higher order structures and coming from 68 
multiple sources (Hedges 1992; Miller and Zepp 1995). Consequently, DOC has multiple fates.  69 
DOC may be routed up to higher organisms in the food web via the microbial loop (Cole et al. 70 
2006; Tanentzap et al. 2014), become sequestered in sedimentary organic matter through particle 71 
association (Masiello and Druffel 1998; Coppola et al. 2014) or be mineralized to carbon dioxide 72 
via photochemical and microbial oxidation (Obernosterer and Benner 2004; Cory et al. 2007; 73 
Amado et al. 2015).   74 
Constraining the sources and cycling of DOC is a necessary step in understanding 75 
functioning of aquatic ecosystems and the global carbon cycle, but the molecular diversity of 76 
DOC means that a full separation, identification and characterization of all the organic molecules 77 
within it is currently not feasible.  These compounds, however, can be grouped into 78 
operationally-defined discrete fractions based on their molecular weight (e.g. high molecular 79 
weight DOC; > 1000 daltons) and polarity (e.g. more hydrophobic DOC fractions) (Zigah et al. 80 
2017).  81 
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In most freshwater systems, a substantial fraction (~30 to 80%) of DOC is comprised of 82 
components that can be isolated by adsorption onto a hydrophobic resin (e.g. PPL, C18, XAD-8, 83 
SDB-XC) at acidic pH, commonly referred to as SPE DOC (Thurman and Malcolm 1981; 84 
Dittmar et al. 2008; Sickman et al. 2010).  Nuclear magnetic resonance (NMR) analyses of SPE 85 
DOC from freshwater lakes and streams show that it is comprised significantly of hydrophobic 86 
humic substances, aromatic proteins, and lipids/fatty acids (Harvey et al. 1984; Kaiser et al. 87 
2003; Lam et al. 2007; Zhang et al. 2014; Goldberg et al. 2015).  The relative contributions of 88 
autochthonous versus allochthonous materials to the SPE DOC fraction are widely variable and 89 
are a function of initial chemical composition of the source materials,  the 90 
humification/degradation state, the matrix of the water sample, and the structure of the SPE resin 91 
used for the extraction (e.g. Kruger et al. 2011; Li and Minor 2015). In clear-water systems such 92 
as the offshore regions of stratified oligotrophic large freshwaters, SPE DOC concentrations 93 
would be relatively low as should be expected for more dilute and less terrestrially-influenced 94 
systems with a lower contribution from humic substances (Dittmar et al. 2008; Kruger et al. 95 
2011); input of humic substances from the sediments during mixing conditions could increase 96 
the SPE DOC amounts in these freshwaters. The concentration of SPE DOC is expected to be 97 
higher in freshwaters with abundant humic substances derived from terrestrial sources or 98 
microbial sources (McKnight et al. 2001; Schwede-Thomas et al. 2005; Goldberg et al. 2015; 99 
Cawley et al. 2016).  100 
Up to 87% of freshwater DOC, especially in stream, river, or river-impacted coastal 101 
systems can be recovered as HMW DOC (nominal molecular weight of >1000 Daltons) using 102 
ultrafiltration (Benner and Opsahl 2001; Aluwihare et al. 2002; Repeta et al 2002; Stephens and 103 
Minor 2010; Zigah et al. 2014), although freshwater lakes with more autochthonous DOC appear 104 
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to have less HMW DOC than these other freshwater systems (e.g., Repeta et al., 2002; Kruger et 105 
al., 2011; Zigah et al. 2014,).  NMR analyses of HMW DOC in large freshwater lakes and in 106 
marine systems show that it is rich in complex polymeric structures known as 107 
heteropolysaccharides (HPS), peptides/amide and amino sugars (AMS), and carboxylic-rich 108 
alicyclic molecules (CRAM) (Hertkorn et al. 2006; Abdulla et al. 2010; Zigah et al. 2014). In 109 
freshwater systems with little terrestrial influence, autochthonous microbial sources are the 110 
dominant source of the carbohydrate and protein fractions within HMW DOC (Zigah et al. 2014) 111 
whereas degraded higher plant materials and soils (allochthonous sources) will be dominant in 112 
more terrestrially-influenced smaller lakes or rivers (Kaiser et al. 2004).  113 
The mechanisms of removal of DOC from freshwaters include microbial respiration, and 114 
photochemical oxidation to carbon dioxide and adsorption onto sinking particles (Moran et al. 115 
2000; Xie et al. 2004; Cory et al. 2007). Photochemical oxidation is possibly the dominant sink 116 
for SPE-DOC; light-absorbing components appear to be preferentially concentrated in SPE 117 
extracts (Moran et al. 2000; Ma and Green 2004; Cory et al. 2007; Li and Minor, 2015). 118 
Pathways of removal of freshwater HMW DOC are not well constrained (Kaiser et al. 2004). 119 
Microbial and photochemical oxidations can mineralize both autochthonous and allochthonous 120 
material within HMW DOC in freshwater systems (Amon and Benner 1996; Kaiser and 121 
Sulzberger 2004). Microbial mineralization is likely dominant in the recycling of the 122 
autochthonous, carbohydrate and protein-rich, fraction of HMW DOC because of its relative 123 
bioreactivity and relative lack of light-absorbing components. In a similar vein, direct 124 
photochemical oxidation is likely the predominant pathway in the recycling of allochthonous 125 
material within HMW DOC because of its enrichment in light-absorbing components and 126 
relative bio-recalcitrance (Amon and Benner 1996, Moran et al. 2000; Cory et al. 2007). 127 
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However, light-absorbing DOC (from isolated fractions and whole water) can also participate as 128 
a photo-sensitizer promoting indirect photochemical reactions which can then also affect 129 
molecules that do not absorb light themselves (Sultzberger and Durisch-Kaiser, 2009).  In 130 
addition, the non-linear coupling of microbial and photochemical processes in altering DOC 131 
pools has been shown to occur in many aquatic systems.  Photochemical preprocessing of DOC 132 
has been reported to have both negative and positive effects upon microbial oxidation (Kaiser et 133 
al. 2004; Amado et al. 2015), perhaps because photochemical and microbial reactions are 134 
competing for key substrates or because there are competing interactions where reactive oxygen 135 
species suppress the microbial response while photochemical reactions make parts of the DOC 136 
pool more bioavailable (Anesio et al., 2005; Amado et al 2015). 137 
In the past few decades, radiocarbon (14C) has been useful in studying the ages, cycling 138 
and sources of total DOC in freshwater lakes and streams (Trumbore et al. 1992; Zigah et al. 139 
2011; McCallister and del Giorgio 2012; Alberic et al. 2013; Butman et al. 2015; Keaveney et al. 140 
2015).  Natural abundance radiocarbon (∆14C) and stable isotope (δ13C) compositions of the 141 
major fractions of DOC provide additional constraints on the multiple sources and cycling of the 142 
DOC.  Δ14C calculation corrects for biochemical fractionations so differences in Δ14C values 143 
reflect variable sources and/or cycling. For instance organic material produced from recent 144 
within-lake photoautotrophy bears a Δ14C value of the contemporaneous lake dissolved inorganic 145 
carbon (DIC). The few studies in freshwater systems that do partition DOC show that it consists 146 
of a mixture of contemporary and older components (Abbott and Stafford 1996; Guo et al. 2003, 147 
Sickman et al. 2010).  More radiocarbon measurements of DOC fractions from various 148 
freshwater systems will help constrain the roles of contemporary and aged carbon in modern 149 
biogeochemical cycles and improve our understanding of the global carbon cycle.   150 
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This study investigated the isotopic compositions of various dissolved organic fractions 151 
from Lake Superior, an oligotrophic freshwater lake in North America. We measured the 152 
radiocarbon and stable isotope compositions of SPE DOC and HMW DOC from the eastern 153 
basin of the lake. We also used serial thermal oxidation and compound class analyses to examine 154 
the isotopic diversity of organic matter classes within these two fractions. This is the first study 155 
to apply serial thermal oxidation to water-column dissolved organic matter (in this case, both 156 
ultrafiltered samples and SPE-extracted material) in a freshwater system.  To the best of our 157 
knowledge, it is also the first study to compare the natural-abundance radiocarbon composition 158 
of both freshwater ultrafiltered and SPE-extracted DOM isolated from the same sampling 159 
stations. This unique data set improves our understanding of the multiple sources and dynamic 160 
cycling of DOC in the lake. Lake Superior is an important system for this study because the 161 
DOC cycling is representative not only of large temperate oligotrophic freshwater/lacustrine 162 
systems, but also provides insights for comparison with the open ocean. Both Lake Superior and 163 
the open ocean have similar concentrations of DOC (Cotner et al. 2004; Ma and Green 2004), 164 
apparent low inputs of allochthonous organic matter and nutrients, a pH range controlled by 165 
bicarbonate buffering (Lake Superior’s pH range is 7.61-8.03, slightly lower than the average 166 
ocean pH, Tennant 2016), and a primarily microbial food web (Cotner et al. 2004). 167 
2.  Methods 168 
2.1 Study site           169 
 Lake Superior (Fig. 1) is the Earth’s largest freshwater lake by surface area and the 170 
deepest of the Laurentian Great Lakes of North America, with a maximum depth of 406 m. The 171 
lake is dimictic, with complete vertical mixing of the water column in spring and early winter 172 
each year. The hydraulic residence time of the lake (lake volume divided by outflows, including 173 
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diversions) is 173 years (Quin et al. 1992). DOC is the largest organic carbon pool with an 174 
average lakewide surface and deep water concentration of ~ 90 µM during spring mixing. During 175 
summer stratification, lakewide surface DOC is ~ 100-120 µM and is about 10 µM larger than 176 
the deep DOC (Zigah et al. 2012).  The sources and cycling of DOC in the lake are not well 177 
constrained. Annual autochthonous DOC input is estimated at 0.9 Tg C (~ 9% of the primary 178 
production; Urban et al. 2005, Sterner 2010), similar to the annual terrestrial DOC loading of 179 
0.4-0.9 Tg C (Cotner et al. 2004; Urban et al. 2005).  In spite of the substantial terrestrial input, 180 
spectroscopic studies of the DOC, including ultraviolet-visible spectroscopy of total DOC, NMR 181 
of HMW DOC, and FTIR of total and HMW DOC have shown fairly low contributions from 182 
aromatic constituents that indicate terrigenous sources (Minor and Stephens, 2008, Zigah et al. 183 
2014). Hence, the presence, amount and fate of terrigenous DOC in the lake remains poorly 184 
understood.  To provide greater insights into the composition, cycling and sources of DOC in the 185 
lake, we previously investigated the radiocarbon and stable isotope composition of total DOC 186 
(Zigah et al. 2011; 2012), and size-fractionated DOC (Zigah et al. 2014).  HMW DOC 187 
constitutes 8-20% of the total DOC in the western arm and 10-13% of the total DOC in the 188 
eastern arm of the lake based on isolation via cross-flow ultrafiltration. NMR spectra of the 189 
HMW DOC from the lake show that heteropolysaccharides, peptides/amide and amino sugars 190 
together constitute 75-84% of the carbon, with carbohydrate carbon alone representing 53-65% 191 
of the HMW DOC (Zigah et al. 2014).  192 
2.2 Sampling 193 
Surface (5 m) and deep (210 m) samples were collected from eastern Lake Superior 194 
(47º34’N, 86º39’W; Fig. 1) during spring mixing in June 2009, and thermal stratification in 195 
August 2009 (Fig. 2).  Lake water was collected using twelve 8-L Niskin bottles mounted on a 196 
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rosette equipped with a Seabird Model 911 Plus Conductivity, Temperature, and Depth (CTD) 197 
profiler.  Dissolved inorganic carbon (DIC) samples were taken from the Niskin into previously 198 
acid-cleaned (10% v/v HCl followed by rinsing with milli-Q water) and combusted (450oC for ≥ 199 
4 hours) 0.5 L amber Pyrex bottles. The samples were immediately preserved with 100 µL of 200 
saturated mercuric chloride solution, sealed air-tight with glass stoppers coated with Apiezon 201 
grease, and stored at room temperature in the dark until analysis (McNichol et al. 1994). DOC (< 202 
0.7 μm) samples were obtained by filtering lake water through pre-combusted Whatman GF/F 203 
glass fiber filters (450oC for 4 hours) using stainless-steel canisters pressurized with nitrogen. 204 
Approximately 40 mL of lake water was collected into an acid-cleaned and combusted vial and 205 
acidified to pH 2 using 6M HCl for DOC analysis by high temperature catalytic oxidation. For 206 
DOC radiocarbon analysis, 1 L of the GF/F filtered water was collected into a pre-combusted 207 
glass bottle, acidified with 6M HCl to pH 2, and stored in a refrigerator at 4oC until analysis.  208 
2.3 Ultrafiltration and solid phase extraction 209 
Large-volume samples (200-400 L) (Table 1) were drawn from the lake using an air-driven 210 
diaphragm pump, 0.2 μm filtered (Whatman Polycap 75 TC), and ultrafiltered as described 211 
previously (Zigah et al. 2014).  Previously frozen 0.7 µm-filtered water samples stored in 212 
precombusted 1L glass bottles or acid-cleaned 1L high density polyethylene (Nalgene) bottles 213 
were thawed, filtered (0.2 µm), and solid phase extracted using the protocol of Dittmar et al. 214 
(2008). Briefly, the filtered water was acidified to pH 2 with 6M HCl and extracted using 215 
methanol-activated styrene divinylbenzene polymer resin (PPL; 1g, Varian Mega Bond Elut) at a 216 
flow rate of 10 mL/ min. The DOC extract was desalted with acidified Milli-Q water (pH 2), 217 
dried with ultrahigh purity (UHP) N2 and eluted with methanol. The SPE DOC sample was 218 
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transferred into quartz combustion tubes and completely dried; Ag powder and precombusted 219 
CuO were added; the tubes were evacuated and then flame-sealed.  220 
2.4 Measurement of DOC concentrations 221 
DOC and TOC samples were analyzed on a Shimadzu VCSH TOC analyzer (Zigah et al. 222 
2011).  Lyophilized HMW DOC samples were analyzed on a Costech ECS 4010 elemental 223 
analyzer (EA) coupled to Finnigan Delta Plus XP isotope ratio mass spectrometer (IRMS) after 224 
fumigation with 12 N HCl (ACS Plus grade) and drying (Zigah et al. 2014). Typical instrumental 225 
precision for OC measurements was 0.2% of the measured concentration.  SPE DOC samples 226 
were combusted to CO2 in sealed quartz tubes and quantified manometrically.  227 
2.5 Extraction of organic fractions from HMW DOC 228 
All frozen HMW DOC samples were freeze-dried and homogenized before analysis. 229 
Approximately 75-100 mg of each freeze-dried sample was used for the extractions. The lipid-230 
like, carbohydrate-like and protein-like fractions were extracted from the HMW DOC as 231 
described previously (Wang et al. 1998; Loh et al. 2004). The solid residual material after the 232 
HCl hydrolysis (unhydrolysable fraction) was also isotopically characterized. In all cases, the 233 
extracted organic fractions were transferred into quartz combustion tubes and completely dried, 234 
precombusted CuO and Ag were added, and the tubes were evacuated and sealed on a vacuum 235 
line.  236 
2.6 Serial thermal oxidation of HMW DOC and SPE DOC from Lake Superior 237 
Serial thermal oxidation was performed at the National Ocean Sciences Accelerator Mass 238 
Spectrometry Facility (NOSAMS) at the Woods Hole Oceanographic Institution (WHOI) using 239 
the Ramped PyrOx system in oxidation mode (Rosenheim et al. 2008, Plante et al. 2013). A 240 
dried sample was weighed and transferred to a quartz reaction vessel. The vessel was then placed 241 
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in the top of the thermal analyzer (two coupled ovens with the bottom oven set at a constant 242 
temperature of 800 oC and the top oven holding the sample reactor).  With an oxygen (8%) and 243 
helium (92%) mixed gas solution flowing through the reactor at a rate of 35 mL per minute, the 244 
sample was thermally oxidized to CO2 by gradually raising the top oven temperature from 245 
ambient to 1000 oC at a rate of 5 oC per minute. The evolving gas was passed over a Pt/Ni/Cu 246 
twisted wire in the 800 oC oven to ensure complete oxidation to CO2. The CO2 was first 247 
quantified downstream with an in-line CO2 analyzer, and then collected in successive fractions 248 
using flow-through glass traps (Rosenheim et al. 2008; Plante et al. 2013). 249 
2.7 Radiocarbon and stable isotope measurements 250 
Radiocarbon (∆14C) and stable carbon isotope (δ13C) measurements were performed at 251 
NOSAMS using standard protocols (McNichol et al.1994).  Typical instrumental precision of 252 
δ13C based on multiple analyses of standards was 0.15‰. The graphite produced in all cases was 253 
analyzed using either a 3MV tandetron accelerator mass spectrometer (USAMS) or 500kV 254 
pelletron continuous flow accelerator mass spectrometer (CFAMS) (von Reden et al. 2004; 255 
Roberts et al. 2010; Longworth et al., 2015). Radiocarbon values are reported as ∆14C according 256 
to the convention of Stuiver and Polach (1977).  Instrumental precision of the ∆14C analysis was 257 
3-6‰. The radiocarbon composition of lake-water DIC was collated from Zigah 2012, Zigah et 258 
al. 2011, 2012 and 2014. The atmospheric CO2 ∆14C data was based on the radiocarbon 259 
composition of corn leaves (Zea mays) from the lake watershed (Hseuh et al. 2007; Zigah 2012; 260 
Kruger 2014) and from atmospheric CO2 in the Northern Hemisphere (Graven et al. 2012). The 261 
atmospheric CO2 data covering 2004-2007 was from Hseuh et al. (2007) and Graven et al. 262 
(2012), and the data covering 2009-2012 are from Zigah 2012 and Kruger 2014.  263 
2.8 Blank assessment  264 
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To assess the process blanks and potential fractionation associated with the extractions of 265 
organic fractions from HMW DOC for isotopic measurements, we measured the isotopic values 266 
of known standard materials before and after extraction. In all cases, the amount of carbon 267 
extracted from the standard material was comparable to or smaller than the amount extracted 268 
from the samples.  For the lipid standard (stearic acid), the ∆14C values of non-extracted and 269 
extracted stearic acid were 48 ± 4‰ and 51 ± 4‰, respectively. The ∆14C values of non-270 
extracted and extracted D-glucose (carbohydrate standard) were 35 ± 4‰ and 41 ± 4‰ and those 271 
of bovine serum albumin (protein standard) were 184 ± 3‰ and 179 ± 3‰ respectively. These 272 
results indicate that there is a negligible amount of non-modern carbon added during the 273 
extraction processes for the organic fractions.  Also, non-extracted and extracted δ13C values of 274 
stearic acid (-30.4 ± 0.15‰ vs. -30.4 ± 0.15‰), D-glucose (-11.2 ± 0.15‰ vs. -11.2 ± 0.15‰) 275 
and bovine serum albumin (-10.2 ± 0.15‰ vs. -10.6 ± 0.15‰) indicate no fractionation and/or 276 
contamination from the extraction processes. The lipid standard we used was modern but the 277 
samples we analyzed were pre-aged, so we must evaluate the potential for contamination by 278 
modern carbon. If we assume the process blank for the total lipid extraction contains 1 µg C 279 
(Loh et al. 2004) with a ∆14C value of 48‰, similar to the modern stearic acid standard, addition 280 
of this will increase the ∆14C values of the lipid samples by ≤ 1‰. If the process blank contained 281 
as much as 12 µg C with a ∆14C value of 48‰, the lipid samples’ ∆14C values would decrease 282 
from the range of -153‰ to -256‰ reported here to -159‰ to -268‰ . This change, while 283 
significant, is too small to alter the discussion or conclusions of this paper.  284 
To assess the process blank associated with the SPE DOC extraction, acidified Milli-Q 285 
water was extracted using methanol-activated PPL resin, eluted with methanol, dried and 286 
combusted to CO2 in sealed quartz tubes at 850oC for 5 hours. Less than 1 µg C was obtained, 287 
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small relative to the SPE sample size (421-774 µg C), and there was not enough for isotopic 288 
analysis. If we assume this carbon has a fraction modern value of 1 (∆14C ~ -7‰) or 0 (∆14C = -289 
1000‰), the SPE sample ∆14C values only decrease by ≤ 2‰.  To assess the process blank 290 
associated with serial thermal oxidation on the Ramped PyrOx (RPO), we cycled the thermal 291 
analyzer without any sample in the reactor and quantified the blank carbon to be ~ 4 µg C from 292 
ambient to 1000oC, similar to the < 4 µg C reported by Plante et al. (2013) and Hemingway et al. 293 
(2017). This amount is not enough for isotopic measurement and is small (≤ 6%) relative to the 294 
CO2 amounts in the thermal fractions of the sample (63-131 µg C).  Further evidence of the 295 
negligible impact of the process blank on 14C results from the RPO comes from the agreement 296 
between the ∆14C values of the bulk HMW and SPE samples and the values calculated for the 297 
bulk samples using a mass balance of the RPO data. Due to negligible blank carbon and/or 298 
isotopic fractionation, reported ∆14C and δ13C values of organic fractions of HMW DOC, SPE 299 
DOC and organic fractions from serial thermal oxidation were not corrected for process blanks 300 
or fractionation.  301 
3.  Results 302 
3.1 Trends in the radiocarbon values of Lake DIC and atmospheric CO2 from 2004 to 2012 303 
The ∆14C value of atmospheric CO2 decreased from ~66‰ in 2004 to 38‰ during our 304 
sampling in 2009, and to 25‰ in 2012 (Fig. 3) corresponding to a decline of ~ 5‰/yr.  The lake 305 
DIC ∆14C value decreased from 83‰ to 44‰ between 2007 and 2012 with a decline ~ 7‰/yr 306 
(Fig. 3).  DIC was consistently 14C-enriched by ~20‰ relative to atmospheric CO2 from 2004-307 
2014, indicating a carbon isotope equilibration time of ~ 4 years between the DIC and 308 
atmospheric CO2 over this period. 309 
3.2 Concentration and isotopic values of HMW DOC vs. SPE DOC vs. Total DOC 310 
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The concentration of HMW DOC was 9-11 µM (10-13% of total DOC) with molar C:N 311 
values of 14.5-23.6; the highest C:N ratio was for surface HMW DOC from June 2009  (Tables 1 312 
and 2).  SPE DOC concentrations were 35.5 to 48.8 µM (41 to 51% of total DOC) and 60 to 64 313 
µM (65 to 71% of total DOC) during stratification and mixed-lake conditions, respectively 314 
(Table 2). The δ13C values of SPE DOC, HMW DOC and total DOC in the lake were -26.4‰ to 315 
-26.8‰, -25.9‰ to -26.3‰ and -25.9‰ to -26.3‰, respectively (Table 2). The δ13C values of 316 
total DOC, HMW DOC and SPE DOC did not exhibit considerable variation between spring 317 
mixing and summer stratification (Table 2).  318 
The ∆14C values of SPE DOC (25 to 43‰) were slightly depleted or similar to the ∆14C 319 
value of atmospheric CO2, and by extension, recent land-plant primary production (38 ± 2‰) 320 
from 2009-2010, but more depleted relative to lake DIC (∆14C of 59 to 63‰). The stratified deep 321 
and mixed-lake surface SPE DOC values (25 to 30‰) were more depleted relative to the ∆14C of 322 
lake DIC (Table 2) than were the values for the other two SPE DOC samples. During spring 323 
mixing conditions in June, ∆14C values of HMW DOC were 22 to 32‰ and increased to 51 to 324 
54‰ during stratification in August (Table 2).  HMW DOC, SPE DOC and total DOC were 325 
consistently more depleted in 14C than the lake DIC (∆14C of 58 to 59‰ in June and 59 to 63‰ 326 
in August) (Table 2).  SPE DOC was more depleted than HMW DOC and total DOC during 327 
stratification (Table 2).  328 
3.3 ∆14C and δ13C values of extracted organic fractions within HMW DOC 329 
The solvent extractable lipid-like fraction had ∆14C values of -204‰ to -256‰ 330 
(corresponding to 1770 - 2320 14C years) during spring mixing in June, and -153 ± 13‰ (~1270 331 
BP years) in the stratified surface waters in August (Table 3).  The lipid-like fractions were 332 
consistently more 14C-depleted (older) than the concurrent carbohydrate-like (∆14C of 20 to31‰) 333 
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and protein-like (∆14C of 34 to 39‰) fractions. The latter fractions were consistently modern, but 334 
14C-depleted relative to the DIC (∆14C of 58 to 63‰) (Tables 2 and 3). The δ13C values of the 335 
carbohydrate-like and protein-like fractions (-25.0‰ to -26.9‰) were more 13C-enriched than 336 
the lipid-like fraction (-28.0‰ to -29.7) (Table 3).  The ∆14C and δ13C values of the 337 
unhydrolysable fraction were more variable with depth in the lake during the stratified period 338 
(Table 3).   339 
3.4 Serial thermal oxidation of HMW DOC  340 
The thermogram of the stratified surface HMW DOC shows components oxidizing over 341 
the low- temperature range ~ 200-390 oC with two discernable peaks (larger one at ~ 270 oC and 342 
smaller one at ~ 380 oC). High-temperature components thermally oxidize at ~ 420-630 oC with 343 
peaks at ~513 oC and ~575 oC (Fig. 4a). The thermogram of the mixed-lake surface HMW DOC 344 
also shows components oxidizing over low-temperature and high-temperature ranges. A 345 
considerably lower percentage of the carbon appeared in the low-temperature range during 346 
mixed-lake condition as compared to stratified lake condition (Fig. 4a; Table S2).  The high-347 
temperature peak at ~ 513 oC was smaller in the mixed-lake sample but other high-temperature 348 
components were observed including a large peak at ~630 oC (Fig 4a).  The thermograms show a 349 
strong difference in the composition of thermally refractory material during stratification and 350 
mixing conditions.  For radiocarbon analysis, six thermal fractions with relative amounts of 351 
carbon (in mol %) of 5, 10, 14, 14, 13 and 44 (Fig. 4c; Table S2) were collected from the mixed-352 
lake surface HMW DOC. The CO2 fractions from the lower temperature range of 200-330 oC 353 
were more 14C- enriched (∆14C of 60-64‰) than the CO2 fractions from the higher temperature 354 
range of 388-800 oC (∆14C of -23 to 34‰) (Fig. 4c).  Five thermal fractions with relative 355 
amounts of carbon (in mol %) of 22, 24, 21, 21 and 12 (Fig. 4e; Table S1) were collected from 356 
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the stratified-lake surface HMW DOC.  The CO2 fractions from the lower temperature range 357 
200-387 oC were more 14C-enriched (∆14C of 60-75‰) than the CO2 fractions from the higher 358 
temperature range 387-800 oC (∆14C of 27-30‰) (Fig. 4e). For both mixed-lake and stratified 359 
surface HMW DOC samples, the mass-weighted mean ∆14C value was similar to the 360 
independently measured bulk ∆14C value.  361 
3.5 Serial thermal oxidation of SPE DOC        362 
 The thermogram of the stratified surface SPE DOC shows components oxidizing over a 363 
broad temperature range ~ 200-530 oC (peak at 375 oC).  High-temperature components, a peak 364 
at ~ 504 oC and a shoulder at ~550 °C, were observed in the surface SPE DOC during lake 365 
mixing, but these components were absent during stratification (Fig. 4b). Five thermal fractions 366 
(F1-F5) with relative amounts of carbon (in mol %) of 13, 17, 17, 20 and 33 (Fig. 4d; Table S4) 367 
were collected from the mixed-lake surface SPE DOC for radiocarbon analysis. SPE DOC 368 
components within thermal fractions F1, F4, and F5 were more 14C-depleted (∆14C of -22 to 369 
48‰) relative to the components within fractions F2 and F3 (∆14C of 54-58‰) (Fig. 4d).  The 370 
relative amounts of carbon (in mol %) in the five thermal fractions (F1-F5) from stratified 371 
surface SPE DOC were 17, 23, 34, 18 and 8 (Fig. 4f; Table S3).  SPE DOC components within 372 
fractions F1, F4, and F5 were more 14C-depleted (∆14C of -8 to 47‰) relative to the components 373 
within fractions F2 and F3 (∆14C of 60-65‰) (Fig. 4f) and in this case F1 and F5 both exhibited 374 
negative ∆14C values.  The mass-weighted mean ∆14C values matched the independently 375 
measured bulk values of both the mixed-lake and stratified surface SPE DOC.  376 
4. Discussion 377 
4.1 Sources and cycling of HMW DOC and SPE DOC fractions  378 
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The ∆14C values of DIC declined from a range of 76‰ to 83‰ in 2007 to a range of 379 
59‰ to 63‰ in 2009 mirroring decreases in the atmosphere. This implies that DOC originating 380 
from planktonic productivity within the lake since the influence of atmospheric bomb 14C on the 381 
lake DIC (i.e., in the past ~60 years) would bear ∆14C values ≥ 59‰ (Fig. 3).   382 
During mixed-lake conditions in spring, the radiocarbon values of HMW DOC were 383 
more depleted than the values of DIC and recent atmospheric CO2. This suggests there is a 384 
significant mobilization of 14C-depleted (aged) HMW DOC components. The aged DOC must 385 
derive from sources other than current primary productivity in the lake, such as the sediments 386 
and/or soils (Table 4) or productivity pre-dating the bomb spike in the 1950-60’s. The observed 387 
14C-depletion may be due to a relatively smaller input (and thus smaller overprinting of the 388 
residual DOC signal) from autochthonous DOC in the lake during winter and spring when 389 
temperature and light levels limit primary production (Sterner 2010).  The depletion could also 390 
result, in part or wholly, from a substantial DOC input from the sediments during lake over-turn, 391 
or input from the watershed via spring snowmelt and ice-out (Stottlemyer and Toczydlowski 392 
1991, Zigah et al. 2012).   393 
The 14C-enrichment of HMW DOC during stratification could, in part, result from 394 
planktonic photosynthesis in the surface waters in the summer months (Urban et al. 2005).  395 
Increases in the HMW DOC ∆14C values in the stratified lake could also be due to an increased  396 
contribution from terrestrial material synthesized 2-4 years prior to our sampling in the lake (52-397 
60‰ in 2005-2007) (Fig. 2 and Table 2). However, the dramatically lower C:N values of 398 
surface-water HMW DOC in August relative to June (Table 1) coupled with the radiocarbon 399 
results suggest that an increased contribution from photoautotrophy is more likely than a 400 
substantial terrestrial input. The radiocarbon values of HMW DOC and total DOC in the 401 
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stratified deep waters were also enriched by 19‰ and 16‰ respectively, relative to the values in 402 
the mixed-lake (Table 2). This implies either rapid vertical transfer within weeks to months of 403 
more enriched surface-derived DOC to the deep waters or a preferential removal (through 404 
mineralization or conversion to POC) of more 14C-depleted deep-water DOC; or a combination 405 
of the two mechanisms. The exact route of DOC delivery to the deep waters is not known, but 406 
could be from convective mixing, downwelling events (Austin 2013), and/or solubilization of 407 
sinking particles.  408 
Although the isotopic composition shifted significantly, the concentrations of surface 409 
water HMW DOC and total DOC at both depths only changed slightly (5 to 6%) between the 410 
mixed-lake and stratified conditions (Table 2), indicating that the isotopic changes are not solely 411 
the result of changing inputs. The radiocarbon values of surface HMW DOC and surface total 412 
DOC would be 25‰ and 43‰, respectively, in the stratified lake if the additional autochthonous 413 
DOC input estimated from concentration changes was the only factor modulating the DOC ∆14C 414 
values. However, the observed radiocarbon values were 54‰ for both HMW DOC and total 415 
DOC in the stratified surface waters.  The observed changes in radiocarbon content relative to 416 
carbon concentration between mixed and stratified conditions indicate that a significant fraction 417 
of the 14C-depleted components of HMW DOC and total DOC in the mixed lake is removed by 418 
August, by either remineralization or sorption processes. In a previous study linking NMR 419 
characteristics to radiocarbon age within HMW DOM samples, CRAM and aliphatic carbon 420 
were identified as 14C-depleted within Lake Superior, with CRAM age estimated at 2040 14C 421 
years (∆14C value of -230‰) (Zigah et al, 2014). The remineralization of such aged components 422 
could be in part responsible for the observed increase in ∆14C. Zigah et al. (2014) used 13C NMR 423 
spectra to demonstrate that 16-20% of the HMW DOC from the eastern Lake Superior consists 424 
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of CRAM (∆14C of -230‰). Using these values in a mass balance, we estimate that complete 425 
oxidation of Lake Superior’s HMW CRAM pool would decrease the concentration of HMW 426 
DOC by 1.7-2.2 µM and increase the HMW DOC ∆14C values from 22‰ in the mixed-lake to 427 
~70‰ during stratification.  HMW DOC concentration actually increased by 0.6-2 µM during 428 
stratification, and the ∆14C value only increased up to 54‰ (Table 2), indicating that DOC 429 
removal likely occurs across DOC of multiple ages, and that this removal is overlaid by the 430 
autochthonous input discussed above.  Further evidences for both the removal of older DOC and 431 
input of autochthonous DOC in surface waters are found in the results from serial thermal 432 
oxidation experiments shown in Fig. 4a, c, and e, and the NMR analyses of surface HMW DOC 433 
which indicate that CRAM is a relatively lower proportion of stratified surface HMW DOC than 434 
in the mixed-lake HMW DOC (Zigah et al. 2014).  435 
Complicating this autochthonous input and older-carbon removal story is the fact that 436 
there may also be a considerable mobilization or input of DOC that is more 14C- enriched in the 437 
surface water than the current lake DIC during stratification. For example, autochthonous DOC 438 
and terrigenous DOC from the past 5-10 years previous to our sampling in 2009 would have 439 
∆14C values as high as +120‰ (Fig. 3). By extrapolation of the linear relationship between 440 
HMW DOC ∆14C values and HPS and AMS and between HMW DOC ∆14C values and total 441 
carbohydrate carbon from the 13C NMR spectra of lake samples, Zigah et al. (2014) estimated 442 
the ∆14C values of combined HPS and AMS and total carbohydrate carbon within HMW DOC to 443 
be 113‰ and 171‰, respectively, which is 14C-enriched relative to the lake DIC.  However, the 444 
radiocarbon values for carbohydrate-like carbon in surface-water HMW DOC in the  mixed vs 445 
stratified lake (Table 3) actually show a decrease between June and August, indicating that 446 
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remobilization of such 14C-enriched material does not seem to be a major factor in the mixed vs 447 
stratified-season differences.   448 
The radiocarbon values of the SPE DOC from the surface water increased from a ∆14C 449 
value of 25‰ in the mixed-lake to 41‰ during stratification while the concentration decreased 450 
by 11 µM (18%, Table 2). This suggests that the increase in the ∆14C of SPE DOC results mainly 451 
from preferential remineralization or removal of older SPE DOC.  Mass balance calculations 452 
indicate that ~11 µM of old SPE DOC with an average ∆14C value of - 44‰ is removed from the 453 
surface during thermal stratification. The serial thermal oxidation results shown in Fig. 4 b,d, and 454 
f provide further evidence supporting preferential removal of an older and thermally recalcitrant 455 
pool.  The removal of SPE-DOC during summer stratification along with a concurrent 456 
enrichment in 14C has been seen in other lake systems. In their study of oligotrophic high-457 
elevation lakes in California, Goldberg et al. (2015) reported that the total DOC concentration in 458 
Lake Tahoe increased from 35 to 44 µM between January and June, but the SPE DOC, isolated 459 
in this case with a DAX-8 resin, decreased from 12.1 to 11.7 µM. The Lake Tahoe SPE DOC 460 
was enriched in 14C during summer stratification in June (∆14C of 35‰) relative to lake mixing 461 
in January (∆14C of -6‰). A similar radiocarbon enrichment was also reported in the SPE DOC 462 
from Fallen Leaf Lake in Sierra Nevada during stratification in summer (Goldberg et al. 2015). 463 
The relative depletion of 14C in a significant fraction of SPE DOC relative to bulk DOC and DIC 464 
is consistent with observations by Abbott and Stafford (1995). In a study of three Arctic Lakes, 465 
they noted humic substances isolated by XAD-8 resin were depleted in 14C relative to total DOC 466 
and other carbon pools, but were similar in 14C values relative to soils and peat from the 467 
watershed. They concluded that these 14C-depleted terrestrial sources contribute to the lake 468 
humic substances. These observations are consistent with our observations in Lake Superior and 469 
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suggest that seasonal dynamics in the chemical and isotopic compositions of SPE DOC are 470 
controlled by similar processes in these lakes. It appears that 14C-depleted inputs of SPE DOC 471 
during lake mixing and snowmelt in spring and photochemical and/or microbial removal of 14C-472 
depleted components during stratification in summer may be a widespread phenomenon in 473 
temperate freshwater lakes.  474 
The relative importance, potential competition, and synergistic relationships of photo-475 
oxidation versus microbial oxidation in remineralization processes (especially removal of old 476 
DOC) in aquatic systems such as Lake Superior are not well understood (Amado et al. 2015).  477 
Chemically, increased microbial oxidation, and the concomitant increase in the percentage of 478 
microbial biomass in the organic matter pools, has been associated with increased nitrogen 479 
content whereas photochemical oxidation decreases aromaticity (Brooks et al. 2007; Cory et al. 480 
2007).  Light-absorbing components of DOC such as aromatic compounds and black carbon 481 
released from chars have been shown to be more susceptible to photoalteration (Cory et al. 2007; 482 
Ward et al. 2014; Ward and Cory 2016).      483 
In Lake Superior, terrestrial sources deliver ~0.4-0.9 Tg C to the lake each year (Cotner 484 
et al. 2004; Urban et al. 2005), enough to account for the lake’s DOC reservoir of 14-17 Tg C 485 
(Zigah et al. 2012) and DOC steady state cycling given the hydraulic residence time of 173 486 
years.  But evidence for substantial terrigenous DOC in the lake is lacking.  Studies based on 487 
ultraviolet-visible spectroscopy of total DOC, NMR of HMW DOC, and FTIR of total and 488 
HMW DOC have shown fairly low contributions from the aromatic constituents which would 489 
indicate terrigenous sources (Chin et al. 1994; Ma and Green 2004; Minor and Stephens, 2008, 490 
Stephens and Minor, 2010; Zigah et al. 2014). It is possible that some of the aromatic terrigenous 491 
compounds are photochemically degraded or oxidized, possibly through interaction with singlet 492 
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oxygen, a photochemically produced oxidant that has been reported to increase in Lake Superior 493 
relative to its tributaries (Peterson et al. 2012). Therefore, the reported low aromatic constituents 494 
coupled with our radiocarbon data showing the removal of old 14C-depleted components in the 495 
sunlit waters in summer (Table 2) suggest that photochemical oxidation plays a major role in the 496 
removal of old allochthonous DOC in Lake Superior during stratification in summer.   497 
4.2 Radiocarbon ages, sources and cycling of organic compound classes within HMW DOC 498 
4.2.1 HMW DOC Carbohydrate-like and protein-like fractions 499 
Hydrolysable carbohydrate-like and protein-like substances from the HMW DOC were 500 
24- 39‰ depleted in 14C relative to the DIC, and 7 - 18‰ depleted in 14C relative to the 501 
atmospheric CO2 in the sampling year (Table 3, Fig. 5).These indicate that there must be a 502 
significant contribution from organic material that pre-dates bomb testing.  HMW DOC from 503 
recent in-lake productivity may be remineralized quickly, as it does not seem to impart a signal 504 
persistently identifiable in mixed and stratified waters.  An estimate of ∆14C of the total 505 
carbohydrate carbon within HMW DOC based upon the correlation between NMR signals and 506 
∆14C yielded a lakewide carbohydrate ∆14C value of 171‰ (Zigah et al. 2014). The relative 507 
depletion of ∆14C values of the hydrolysable carbohydrate-like material observed in this study 508 
implies either that the more labile 14C-enriched components of these hydrolysable substances are 509 
not recovered in the hydrolysis, that there is a significant difference in the carbohydrate 510 
structures identified by NMR compared to carbohydrate-like material recovered by hydrolysis, or 511 
that the NMR signal in several samples from Zigah et al. (2014), which come from sites spatially 512 
distributed across the lake,  is preferentially influenced by the carbohydrate from materials 513 
synthesized closer to the timing of the bomb spike (perhaps terrigenous material that is a few 514 
decades old). It is also possible that some 14C-depleted noncarbohydrate impurities from CRAM 515 
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or humic substances in the HMW DOC were co-isolated during acid hydrolysis. Overall, the 516 
modern radiocarbon signatures of the hydrolysable substances in both stratified and mixed-lake 517 
conditions (Fig. 5, 6) and the previous NMR-based results showing post-bomb values for the 518 
carbohydrate carbon, HPS and AMS constituents indicate that, on average, these carbohydrate-519 
like and protein-like substances do not persist over time scales approaching a century or longer. 520 
The large differences in 14C-enrichment determined by the two methods used to analyze these 521 
fractions of DOC indicate the need for further work in linking compound-class characterization 522 
and radiocarbon content. 523 
The δ13C values of DIC in the lake were 0.3-0.4‰ in all but the stratified surface water 524 
which had a value of 0.9‰ (Table 2). Aqueous CO2 is typically 13C-depleted by ~10‰ relative 525 
to the bulk DIC (de Kluijver et al. 2014). Applying a typical lake algal photosynthetic 526 
fractionation of 17‰ (de Kluijver et al. 2014), organic materials recently synthesized within the 527 
lake will have a δ13C value of -26 to -27‰, similar to the reported algal δ13C values of -26.0 to -528 
27.8‰ in the lake (Keough et al. 1996).   Photochemically altered terrestrially-derived vascular 529 
plant sources have similar δ13C values of -25.0 to -26.6‰ (Vahatalo and Wetzel 2008). 530 
Therefore, the δ13C values of -25.0 to -26.9‰ observed here for the hydrolysable carbohydrate-531 
like and protein-like substances reflect both the values expected from photochemically altered 532 
terrigenous sources as well as autochthonous algal-derived sources. 533 
4.2.2 HMW DOC Lipid-like fraction 534 
Possible sources of the lipid-like fraction are cellular lipids and lipid components of 535 
humic substances or petroleum hydrocarbons that may be co-isolated with cellular-derived lipids 536 
during solvent extraction (McIntyre et al. 2002). Petroleum hydrocarbons most likely derive 537 
from anthropogenic inputs to Lake Superior. The 13C-depletion of the lipid-like fraction (Fig. 6) 538 
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is consistent with fractionation associated with cellular lipids biosynthesis (De Niro and Epstein 539 
1977). ∆14C values of the lipid-like fraction (-256‰ to -153‰) were by far more 14C-depleted 540 
than the acid hydrolysable substances. The millennia ages of the lipid-like fractions are 541 
surprising given the hydraulic residence time of the lake (173 years), and indicates that this 542 
fraction does not derive from recent bomb 14C-influenced plankton productivity within the lake 543 
or recent terrestrial productivity.  In Lake Michigan lipid-like materials from particulate organic 544 
carbon (POC) have been reported to be influenced by resuspended sediments (Meyers et al. 545 
1984) and such influences may also occur in the POC and DOC in Lake Superior.  The lipid-like 546 
fraction and CRAM (∆14C of -230‰; Zigah et al. 2014) from HMW DOC are similarly 14C-547 
depleted suggesting that 14C-depleted CRAM may be included within the lipid-like fraction.  Co-548 
recovery of 70-90% of the lipid-like fraction from CRAM with a ∆14C value of -230‰ or 20-549 
25% of the lipid-like fraction from petroleum hydrocarbon with ∆14C value of -1000‰ along 550 
with recently-synthesized cellular lipids would account for the 14C-depletion observed in the 551 
lipid-like fraction relative to the hydrolysable substances.  The relative 14C-enrichment of the 552 
surface lipid-like fraction during stratification in August (Fig. 5) could be explained by the 553 
addition of ~19% of lake-DIC derived 14C-enriched ‘cellular’ lipids from photoautotrophy, or the 554 
removal of ~ 20% of 14C-depleted components with a radiocarbon signature similar to that of 555 
CRAM. Irrespective of the source, the 14C-depletion of the HMW DOC lipid-like fraction 556 
indicates a 14C-depleted origin (deep soil horizon from for instance cliff erosion along south 557 
shore near apostle islands or lake sediments or petroleum source; Abbot and Stafford 1995; 558 
Sickman et al. 2009; Zigah et al. 2014).  559 
4.2.3 HMW DOC Unhydrolysable fraction   560 
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The isotopic depletion of the unhydrolysable fraction (∆14C = -57‰, δ13C = -29.5‰; Fig. 561 
6) in deep waters during summer stratification implies that a considerable proportion of this 562 
fraction may come from similar sources as the old and 13C-depleted lipid-like fraction.  Selective 563 
preservation of lipid-like material has been proposed as the dominant formation mechanism of 564 
the unhydrolysable fraction within sinking particulate organic matter in estuaries and oceans 565 
(Wang et al. 1998; Hwang et al. 2006). Isotopic enrichment in the surface unhydrolysable 566 
fraction during stratification (∆14C = 16‰, δ13C = -27.5‰; Fig 6) and mixing condition (∆14C = 567 
59‰, δ13C = -26.6‰; Fig 6) suggests some addition from isotopically enriched sources with 568 
protein-like and/or carbohydrate-like precursors or removal of some isotopically depleted 569 
sources, perhaps through photo-oxidation. 570 
4.3 Composition and cycling of HMW DOC and SPE DOC based on thermochemical 571 
fractionation   572 
The thermochemical fractionation data show that during spring mixing, about 15% of the 573 
surface HMW DOC was in the thermally labile/reactive components, i.e. is oxidized at 574 
temperatures < 331°C.  These thermally reactive components were 14C-enriched (Δ14C values of 575 
60 to 64‰) relative to the more thermally refractory components (Fig 4c). During summer 576 
stratification, a significant component (about 46%) of the surface HMW DOC was thermally 577 
labile (at <326°C) and 14C-enriched (Δ14C values of 70 to 75‰) (Fig 4e). The enriched isotopic 578 
values are consistent with an in-lake source reflecting the past 3 years (2007-2009), a recent-past 579 
terrigenous source (2004-2005) or a mixture of sources with a substantial post-bomb component 580 
(1955-2009) (Fig. 4a). The increase in % of HMW DOC showing thermal lability and the 581 
enriched isotopic values of this pool in the stratified surface waters and the lack of these in the 582 
mixed period suggest that a substantial component of HMW DOC recycles over shorter times; 583 
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this is consistent with studies that have reported rapidly recycling semi-labile components within 584 
HMW DOC (Amon and Benner 1994; Loh et al. 2004; Repeta and Aluwihare 2006).   585 
In addition to this enriched, thermally labile component, a substantial proportion of the 586 
mixed-lake surface HMW DOC (85%) and stratified surface HMW DOC (54%) were more 587 
thermally recalcitrant (Fig. 4a, c, e). In the mixed lake HMW sample, the thermally recalcitrant 588 
fractions (>331°C) had Δ14C values ranging from -23 to 34‰, lower than post-bomb 589 
atmospheric Δ14C.  In the stratified HMW sample, the divide between Δ14C values higher and 590 
lower than the contemporaneous atmospheric value occurred at a higher temperature range, with 591 
fractions >378°C showing 14C-depletion relative to the atmosphere. The Δ14C values of the two 592 
most thermally stable fractions in each HMW sample were similar to the Δ14C values of total 593 
SPE DOC and HMW DOC in the lake during spring mixing.  In a previous study, NMR data 594 
showed that HMW DOC can be modeled as consisting of two polymeric components - 14C-595 
enriched HPS and AMS, and older 14C-depleted component that may include considerable 596 
CRAM and aliphatic components (Zigah et al. 2014).  It is likely that the more thermally labile 597 
components likely include HPS and AMS whereas the thermally recalcitrant components may 598 
include the presence of CRAM or humic substances of varying ages.  The absence of the large 599 
thermally stable components (e.g., peak at ~630 oC) in the surface HMW DOC during 600 
stratification is consistent with surface removal by photochemical and/or microbial oxidation of 601 
thermally recalcitrant DOC with a lower Δ14C value. In addition, the relative increase in the 602 
thermally labile components during stratification suggests some photoautotrophic inputs during 603 
summertime.  The stratified-sample enrichment in 14C relative to concurrent DIC values for the 604 
most thermally labile fractions indicates that there may also be removal of more 14C-depleted 605 
material from these thermally labile fractions. The combination of these processes is consistent 606 
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with the relative increase in concentration and 14C-enrichment in HMW DOC during 607 
stratification (Table 2). 608 
The data from serial oxidation and acid hydrolysis of HMW DOC differ greatly; there are 609 
several possible mechanisms for this. It is possible that both 14C-enriched and 14C-depleted 610 
material contribute to the same “compound class” in the acid hydrolysis (as might be seen for 611 
structural carbohydrates from older woody material as well as younger woody material, grasses 612 
and algae); or conversely that both enriched and depleted material have similar thermal labilities. 613 
These differences could also be explained by differences in recovery for the wet chemical 614 
fractions vs. thermal oxidation fractions. Also, isotopic mixing during thermal fractionation 615 
could lead to the observed disparity. For instance, the depleted lipid-like fraction could be easily 616 
mixed into one of the thermal fractions due to their small relative abundance. Coupling both acid 617 
hydrolysis and thermal oxidation appears to be better in constraining the isotopic heterogeneity, 618 
and by extension, the sources and cycling of HMW DOC in the lake. However, better 619 
distinguishing the windows of view into the DOC pool that each approach provides is an area 620 
needing further study. 621 
The thermograms of SPE DOC show that the thermally-labile components in the mixed and 622 
stratified samples overlap considerably. The 14C values for the thermal fractions show that both 623 
old and contemporary material contributes to the SPE DOC (Fig. 4d). About 57% of the 624 
stratified surface SPE DOC (mean Δ14C values of 59-65‰) and 34% of the mixed-lake SPE 625 
DOC (mean Δ14C values of 54-58‰) was 14C-enriched, similar to the lake DIC and terrestrial 626 
productivity 2-4 years prior to our sampling in the Lake (in 2005-2007), and derived from 627 
contemporary sources, possibly hydrophobic/aromatic proteins (Goldberg et al. 2014).  Also, 628 
substantial components of the SPE DOC in the mixed-lake (66% with Δ14C values of -22 to 629 
28 
 
48‰) and stratified lake (43% with Δ14C values of -8 to 47‰) were 14C-depleted relative to the 630 
lake DIC. The most thermally refractory portion, with pre-bomb 14C values, was considerably 631 
smaller during stratification (Fig. 4 b, d, and f). However, the most thermally labile SPE DOC 632 
component in each SPE sample was also 14C-depleted, especially in the stratified sample (Fig 4d, 633 
f). As with the HMW DOC, thermally recalcitrant components present in the surface SPE DOC 634 
during lake mixing in spring appear to be removed from the surface SPE DOC during 635 
stratification consistent with summertime removal of thermally recalcitrant and old DOC from 636 
the lake (Fig 4b, d, f). In contrast to HMW DOC, there does not appear to be a considerable input 637 
of recently synthesized organic material into the thermally labile portion of the stratified lake 638 
SPE sample, and, in fact, the most thermally labile fraction actually shifted to pre-bomb values 639 
(Fig 4b, f). Overall, these observations suggest there was little contribution to the SPE DOC from 640 
photoautotrophy during summertime, and are consistent with the decrease in concentration and 641 
relative 14C-enrichment observed in surface SPE DOC during stratification (Table 2). 642 
5. Summary and conclusions 643 
We show that there is a significant mobilization of 14C-depleted DOC in the water 644 
column during spring mixing. Thermochemical fractionation data indicates that this older DOC 645 
derives predominantly from thermally refractory components.  Lake stratification in summer 646 
enhanced the removal of the older 14C depleted and thermally refractory DOC in the lake, 647 
implying strong roles for enhanced photochemical and microbial remineralization in the 648 
sunlight-filled, warmer surface-layer of the lake. Climate change induced effects on the extent 649 
and duration of ice cover and summer stratification could impact DOC cycling, nutrient 650 
availability and carbon and energy transfers in the lake food web in the future. 651 
Acknowledgements 652 
29 
 
We thank the staff at National Ocean Sciences Accelerator Mass Spectrometry Facility 653 
for radiocarbon analyses, the captain and crew of the R/V Blue Heron for their help during 654 
sampling, and the Repeta laboratory at the Woods Hole Oceanographic Institution for assistance 655 
in the HMW protein, lipid, and carbohydrate isolations for radiocarbon analysis. Two 656 
anonymous reviewers and the associate editor Orit Sivan provided comments that considerably 657 
improved earlier versions of the manuscript This work was funded by the National Science 658 
Foundation OCE 0825600 to E.C.M. and J.P.W., a graduate student internship fellowship to 659 
P.K.Z by National Ocean Sciences Accelerator Mass Spectrometry Facility (OCE 0753487), and 660 
the Postdoctoral Scholar Program at the Woods Hole Oceanographic Institution to P.K.Z, with 661 
funding provided by the National Ocean Sciences Accelerator Mass Spectrometry Facility (OCE 662 
0753487). 663 
References 664 
 665 
Abbott, M.B. and Stafford, T.W. (1996) Radiocarbon Geochemistry of Modern and Ancient 666 
Arctic Lake Systems, Baffin Island, Canada. Quaternary Research 45, 300-311. 667 
 668 
Abdulla, H.A.N., Minor, E.C. and Hatcher, P.G. (2010) Using Two-Dimensional Correlations of 669 
13C NMR and FTIR To Investigate Changes in the Chemical Composition of Dissolved Organic 670 
Matter along an Estuarine Transect. Environmental Science & Technology 44, 8044-8049. 671 
 672 
Aitkenhead-Peterson, J., McDowell, W., Neff, J., Stuart, E. and Robert, L. (2003) Sources, 673 
production, and regulation of allochthonous dissolved organic matter inputs to surface waters. 674 
Aquatic ecosystems: interactivity of dissolved organic matter, 26-70. 675 
 676 
Alberic, P., Jézéquel, D., Bergonzini, L., Chapron, E., Viollier, E., Massault, M. and Michard, G. 677 
(2013) Carbon cycling and organic radiocarbon reservoir effect in a meromictic crater lake (Lac 678 
Pavin, Puy-de-Dome, France). Radiocarbon 55, 1029-1042. 679 
 680 
Aluwihare, L.I., Repeta, D.J. and Chen, R.F. (2002) Chemical composition and cycling of 681 
dissolved organic matter in the Mid-Atlantic Bight. Deep Sea Research Part II: Topical Studies 682 
in Oceanography 49, 4421-4437. 683 
 684 
Amado, A. M., Cotner, J. B., Cory, R. M., Edhlund, B. L., & McNeill, K. (2015) Disentangling 685 
the interactions between photochemical and bacterial degradation of dissolved organic matter: 686 
amino acids play a central role. Microbial Ecology, 69(3), 554-566. 687 
30 
 
 688 
Amon, R.M.W. and Benner, R. (1994) Rapid cycling of high-molecular-weight dissolved 689 
organic matter in the ocean. Nature 369, 549-552. 690 
 691 
Amon, R. M. and Benner, R. (1996) Bacterial utilization of different size classes of dissolved 692 
organic matter. Limnology and Oceanography, 41(1), 41-51. 693 
 694 
Anesio, A. M., Granéli, W., Aiken, G. R., Kieber, D. J., & Mopper, K. (2005). Effect of humic 695 
substance photodegradation on bacterial growth and respiration in lake water. Applied and 696 
environmental microbiology, 71(10), 6267-6275. 697 
 698 
Austin, J. (2013) The potential for Autonomous Underwater Gliders in large lake research. 699 
Journal of Great Lakes Research 39, Supplement 1, 8-13. 700 
 701 
Benner, R. and Opsahl, S. (2001) Molecular indicators of the sources and transformations of 702 
dissolved organic matter in the Mississippi river plume. Organic Geochemistry 32, 597-611. 703 
 704 
Brooks, M. L., Meyer, J. S. and McKnight, D. M. (2007) Photooxidation of wetland and riverine 705 
dissolved organic matter: altered copper complexation and organic composition. Hydrobiologia, 706 
579(1), 95-113. 707 
 708 
Butman, D.E., Wilson, H.F., Barnes, R.T., Xenopoulos, M.A. and Raymond, P.A. (2015) 709 
Increased mobilization of aged carbon to rivers by human disturbance. Nature Geosci 8, 112-710 
116. 711 
 712 
Cawley, K.M., Murray, A.E., Doran, P.T., Kenig, F., Stubbins, A., Chen, H., Hatcher, P.G. and 713 
McKnight, D.M. (2016) Characterization of dissolved organic material in the interstitial brine of 714 
Lake Vida, Antarctica. Geochimica et Cosmochimica Acta 183, 63-78. 715 
 716 
Chin, Y.-P., Aiken, G. and O'Loughlin, E. (1994) Molecular weight, polydispersity, and 717 
spectroscopic properties of aquatic humic substances. Environmental Science & Technology 28, 718 
1853-1858. 719 
 720 
Cole, J.J., Caraco, N.F., Kling, G.W. and Kratz, T.K. (1994) Carbon Dioxide Supersaturation in 721 
the Surface Waters of Lakes. Science 265, 1568-1570. 722 
 723 
Coppola, A.I., Ziolkowski, L.A., Masiello, C.A. and Druffel, E.R. (2014) Aged black carbon in 724 
marine sediments and sinking particles. Geophysical Research Letters 41, 2427-2433. 725 
 726 
Cory, R. M., D. M. McKnight, Y.-P. Chin, P. Miller, and C. L. Jaros (2007) Chemical 727 
characteristics of fulvic acids from Arctic surface waters: Microbial contributions and 728 
photochemical transformations, J. Geophys. Res., 112, G04S51, doi:10.1029/2006JG000343. 729 
Cory, R.M., Ward, C.P., Crump, B.C. and Kling, G.W. (2014) Sunlight controls water column 730 
processing of carbon in arctic fresh waters. Science 345, 925-928. 731 
 732 
31 
 
Cotner, J.B., Biddanda, B.A., Makino, W. and Stets, E. (2004) Organic carbon biogeochemistry 733 
of Lake Superior. Aquatic Ecosystem Health & Management 7, 451-464. 734 
 735 
de Kluijver, A., Schoon, P.L., Downing, J.A., Schouten, S. and Middelburg, J.J. (2014) Stable 736 
carbon isotope biogeochemistry of lakes along a trophic gradient. Biogeosciences 11, 6265-6276. 737 
 738 
Dean, W.E. and Gorham, E. (1998) Magnitude and significance of carbon burial in lakes, 739 
reservoirs, and peatlands. Geology 26, 535-538. 740 
 741 
DeNiro, M.J. and Epstein, S. (1977) Mechanism of carbon isotope fractionation associated with 742 
lipid synthesis. Science 197, 261-263. 743 
 744 
Dittmar, T., Koch, B., Hertkorn, N. and Kattner, G. (2008) A simple and efficient method for the 745 
solid-phase extraction of dissolved organic matter (SPE-DOM) from seawater. Limnol. 746 
Oceanogr. Methods 6, 230-235. 747 
 748 
Fry, B. (1991) Stable isotope diagrams of freshwater food webs. Ecology 72, 2293-2297. 749 
 750 
Goldberg, S.J., Ball, G.I., Allen, B.C., Schladow, S.G., Simpson, A.J., Masoom, H., Soong, R., 751 
Graven, H.D. and Aluwihare, L.I. (2015) Refractory dissolved organic nitrogen accumulation in 752 
high-elevation lakes. Nature Communications 6, 6347. 753 
 754 
Graven, H.D., Guilderson, T.P. and Keeling, R.F. (2012) Observations of radiocarbon in CO2 at 755 
seven global sampling sites in the Scripps flask network: Analysis of spatial gradients and 756 
seasonal cycles. Journal of Geophysical Research: Atmospheres 117, D02303. 757 
 758 
Guo, L., Lehner, J.K., White, D.M. and Garland, D.S. (2003) Heterogeneity of natural organic 759 
matter from the Chena River, Alaska. Water Research 37, 1015-1022. 760 
 761 
Harvey, G.R., Boran, D., Piotrowicz, S.R. and Weisel, C.P. (1984) Synthesis of marine humic 762 
substances from unsaturated lipids. Nature 309, 244-246. 763 
 764 
Hedges, J.I. (1992) Global biogeochemical cycles: progress and problems. Marine Chemistry 39, 765 
67-93. 766 
 767 
Hemingway, J.D., V.V. Galy, A.R. Gagnon, K.E. Grant, S.R. Rosengard, G. Soulet, P.K. Zigah, 768 
A.P. McNichol. In Press. Assessing the blank carbon contribution, isotope mass balance, and 769 
kinetic isotope fractionation of the ramped pyrolysis/oxidation instrument at NOSAMS. 770 
Radiocarbon. 771 
 772 
Hertkorn, N., Benner, R., Frommberger, M., Schmitt-Kopplin, P., Witt, M., Kaiser, K., Kettrup, 773 
A. and Hedges, J.I. (2006) Characterization of a major refractory component of marine dissolved 774 
organic matter. Geochimica et Cosmochimica Acta 70, 2990-3010. 775 
 776 
Hitchcock, J.N., Mitrovic, S.M., Hadwen, W.L., Roelke, D.L., Growns, I.O. and Rohlfs, A.-M. 777 
(2016) Terrestrial dissolved organic carbon subsidizes estuarine zooplankton: An in situ 778 
32 
 
mesocosm study. Limnology and Oceanography 61, 254-267. 779 
 780 
Hsueh, D.Y., Krakauer, N.Y., Randerson, J.T., Xu, X., Trumbore, S.E. and Southon, J.R. (2007) 781 
Regional patterns of radiocarbon and fossil fuel-derived CO2 in surface air across North 782 
America. Geophysical Research Letters 34, L02816. 783 
 784 
Hwang, J., Druffel, E.R., Eglinton, T.I. and Repeta, D.J. (2006) Source (s) and cycling of the 785 
nonhydrolyzable organic fraction of oceanic particles. Geochimica et cosmochimica acta 70, 786 
5162-5168. 787 
 788 
Kaiser, E., Simpson, A.J., Dria, K.J., Sulzberger, B. and Hatcher, P.G. (2003) Solid-state and 789 
multidimensional solution-state NMR of solid phase extracted and ultrafiltered riverine dissolved 790 
organic matter. Environmental science & technology 37, 2929-2935. 791 
 792 
Kaiser, E., & Sulzberger, B. (2004). Phototransformation of riverine dissolved organic matter 793 
(DOM) in the presence of abundant iron: Effect on DOM bioavailability. Limnology and 794 
Oceanography, 49(2), 540-554. 795 
 796 
Kaiser, E., Arscott, D. B., Tockner, K., & Sulzberger, B. (2004). Sources and distribution of 797 
organic carbon and nitrogen in the Tagliamento River, Italy. Aquatic Sciences, 66(1), 103-116. 798 
 799 
Keaveney, E.M., Reimer, P.J. and Foy, R.H. (2015) Young, old, and weathered carbon—Part 2: 800 
using radiocarbon and stable isotopes to identify terrestrial carbon support of the food web in an 801 
alkaline, humic lake. Radiocarbon 57, 425-438. 802 
 803 
Kellerman, A.M., Kothawala, D.N., Dittmar, T. and Tranvik, L.J. (2015) Persistence of dissolved 804 
organic matter in lakes related to its molecular characteristics. Nature Geoscience 8, 454-457. 805 
 806 
Keough, J.R., Sierszen, M.E. and Hagley, C.A. (1996) Analysis of a Lake Superior coastal food 807 
web with stable isotope techniques. Limnology and Oceanography 41, 136-146. 808 
 809 
Kruger, B. R., Dalzell, B. J., & Minor, E. C. (2011). Effect of organic matter source and salinity 810 
on dissolved organic matter isolation via ultrafiltration and solid phase extraction. Aquatic 811 
Sciences, 73(3), 405-417. 812 
 813 
Kruger, B.R. (2014) Sources, cycling, and fate of organic matter in large lakes: insights from 814 
stable isotope and radiocarbon analysis in Lakes Malawi and Superior. UNIVERSITY OF 815 
MINNESOTA. 816 
 817 
Kruger, B.R., Werne, J.P., Branstrator, D.K., Hrabik, T.R., Chikaraishi, Y., Ohkouchi, N. and 818 
Minor, E.C. (2016) Organic matter transfer in Lake Superior's food web: Insights from bulk and 819 
molecular stable isotope and radiocarbon analyses. Limnology and Oceanography 61, 149-164. 820 
 821 
Li, H. and Minor, E. C. (2015) Dissolved organic matter in Lake Superior: insights into the 822 
effects of extraction methods on chemical composition. Environmental Science: Processes & 823 
Impacts, 17(10), 1829-1840. 824 
33 
 
 825 
Lam, B., Baer, A., Alaee, M., Lefebvre, B., Moser, A., Williams, A. and Simpson, A.J. (2007) 826 
Major structural components in freshwater dissolved organic matter. Environmental science & 827 
technology 41, 8240-8247. 828 
 829 
Lara, R.J., Rachold, V., Kattner, G., Hubberten, H.W., Guggenberger, G., Skoog, A. and 830 
Thomas, D.N. (1998) Dissolved organic matter and nutrients in the Lena River, Siberian Arctic: 831 
Characteristics and distribution. Marine Chemistry 59, 301-309. 832 
 833 
Li, H., Minor, E.C. and Zigah, P.K. (2013) Diagenetic changes in Lake Superior sediments as 834 
seen from FTIR and 2D correlation spectroscopy. Organic Geochemistry 58, 125-136. 835 
 836 
Lobbes, J.M., Fitznar, H.P. and Kattner, G. (2000) Biogeochemical characteristics of dissolved 837 
and particulate organic matter in Russian rivers entering the Arctic Ocean. Geochimica et 838 
Cosmochimica Acta 64, 2973-2983. 839 
 840 
Loh, A.N., Bauer, J.E. and Druffel, E.R. (2004) Variable ageing and storage of dissolved organic 841 
components in the open ocean. Nature 430, 877-881. 842 
 843 
Ma, X. and Green, S. A. (2004) Photochemical transformation of dissolved organic carbon in 844 
Lake Superior - an in-situ experiment. Journal of Great Lakes Research, 30, 97-112. 845 
 846 
Mann, P.J., Eglinton, T.I., McIntyre, C.P., Zimov, N., Davydova, A., Vonk, J.E., Holmes, R.M. 847 
and Spencer, R.G.M. (2015) Utilization of ancient permafrost carbon in headwaters of Arctic 848 
fluvial networks. Nature Communications 6, 7856. 849 
 850 
Marwick, T.R., Tamooh, F., Teodoru, C.R., Borges, A.V., Darchambeau, F. and Bouillon, S. 851 
(2015) The age of river-transported carbon: A global perspective. Global Biogeochemical 852 
Cycles, 2014GB004911. 853 
 854 
Masiello, C. and Druffel, E. (1998) Black carbon in deep-sea sediments. Science 280, 1911-855 
1913. 856 
 857 
McCallister, S.L. and del Giorgio, P.A. (2012) Evidence for the respiration of ancient terrestrial 858 
organic C in northern temperate lakes and streams. Proceedings of the National Academy of 859 
Sciences 109, 16963-16968. 860 
 861 
Mclntyre, C., McRae, C., Jardine, D. and Batts, B.D. (2002) Identification of compound classes 862 
in soil and peat fulvic acids as observed by electrospray ionization tandem mass spectrometry. 863 
Rapid communications in mass spectrometry 16, 1604-1609. 864 
 865 
McNichol, A.P., Jones, G.A., Hutton, D.L., Gagnon, A.R. and Key, R.M. (1994) The Rapid 866 
Preparation of Seawater ΣCO2 for Radiocarbon Analysis at the National Ocean Sciences AMS 867 
Facility. Radiocarbon 36, 237-246. 868 
 869 
34 
 
McKnight, D. M., Boyer, E. W., Westerhoff, P. K., Doran, P. T., Kulbe, T., and Andersen, D. T. 870 
(2001) Spectrofluorometric characterization of dissolved organic matter for indication of 871 
precursor organic material and aromaticity. Limnology and Oceanography, 46(1), 38-48. 872 
 873 
Miller, W.L. and Zepp, R.G. (1995) Photochemical production of dissolved inorganic carbon 874 
from terrestrial organic matter: Significance to the oceanic organic carbon cycle. Geophysical 875 
Research Letters 22, 417-420. 876 
 877 
Minor, E. and Stephens, B. (2008) Dissolved organic matter characteristics within the Lake 878 
Superior watershed. Organic Geochemistry 39, 1489-1501. 879 
 880 
Moran, M. A., Sheldon, W. M., and Zepp, R. G. (2000) Carbon loss and optical property changes 881 
during long‐term photochemical and biological degradation of estuarine dissolved organic 882 
matter. Limnology and Oceanography, 45(6), 1254-1264. 883 
 884 
Obernosterer, I. and Benner, R. (2004) Competition between biological and photochemical 885 
processes in the mineralization of dissolved organic carbon. Limnology and Oceanography 49, 886 
117-124. 887 
 888 
Peterson, B. M., McNally, A. M., Cory, R. M., Thoemke, J. D., Cotner, J. B., & McNeill, K. 889 
(2012) Spatial and temporal distribution of singlet oxygen in Lake Superior. Environmental 890 
Science & Technology, 46(13), 7222-7229. 891 
 892 
 893 
Peterson, B. and Fry, B. (1987) Stable Isotopes in Ecosystem Studies. Annual Review of 894 
Ecology and Systematics 18, 293-320. 895 
 896 
Plante, A.F., Beaupré, S.R., Roberts, M.L. and Baisden, T. (2013) Distribution of radiocarbon 897 
ages in soil organic matter by thermal fractionation. Radiocarbon 55, 1077-1083. 898 
 899 
Quinn, F.H. (1992) Hydraulic residence times for the Laurentian Great Lakes. Journal of Great 900 
Lakes Research 18, 22-28. 901 
 902 
Repeta, D.J. and Aluwihare, L.I. (2006) Radiocarbon analysis of neutral sugars in high‐903 
molecular‐weight dissolved organic carbon: Implications for organic carbon cycling. Limnology 904 
and oceanography 51, 1045-1053. 905 
 906 
Repeta, D.J., Quan, T.M., Aluwihare, L.I. and Accardi, A. (2002) Chemical characterization of 907 
high molecular weight dissolved organic matter in fresh and marine waters. Geochimica et 908 
Cosmochimica Acta 66, 955-962. 909 
 910 
Reden, K. F., Donoghue, J. C., Elder, K. L., Gagnon, A. R., Gerlach, D. S., Griffin, V. S. Healy, 911 
R. J., Long, P., McNichol, A. P., Percy, D., Roberts, M. L., Schneider, R. J.,  912 
Xu, L. and Hayes, J. M. and Roberts, M. L. (2004) Plans for expanded 14C analyses at the 913 
NOSAMS facility–a status and progress report. Nuclear Instruments and Methods in Physics 914 
Research Section B: Beam Interactions with Materials and Atoms, 223, 50-54. 915 
35 
 
 916 
Riedel, T., Zak, D., Biester, H. and Dittmar, T. (2013) Iron traps terrestrially derived dissolved 917 
organic matter at redox interfaces. Proceedings of the National Academy of Sciences 110, 918 
10101-10105. 919 
 920 
Roberts, M. L., Burton, J. R., Elder, K. L., Longworth, B. E., McIntyre, C. P., von Reden, K. F., 921 
Han, B. X. and McNichol, A. P. (2010) A high-performance 14 C Accelerator Mass 922 
Spectrometry system. Radiocarbon 52(02), 228-235. 923 
 924 
Rosenheim, B.E., Day, M.B., Domack, E., Schrum, H., Benthien, A. and Hayes, J.M. (2008) 925 
Antarctic sediment chronology by programmed-temperature pyrolysis: Methodology and data 926 
treatment. Geochemistry, Geophysics, Geosystems 9, doi:10.1029/2007GC001816. 927 
 928 
Longworth, B. E., Karl, F., Long, P., and Roberts, M. L. (2015) A high output, large acceptance 929 
injector for the NOSAMS Tandetron AMS system. Nuclear Instruments and Methods in Physics 930 
Research Section B: Beam Interactions with Materials and Atoms, 361, 211-216. 931 
 932 
Santschi, P.H., Guo, L., Baskaran, M., Trumbore, S., Southon, J., Bianchi, T.S., Honeyman, B. 933 
and Cifuentes, L. (1995) Isotopic evidence for the contemporary origin of high-molecular weight 934 
organic matter in oceanic environments. Geochimica et Cosmochimica Acta 59, 625-631. 935 
 936 
Schwede-Thomas, S. B., Chin, Y. P., Dria, K. J., Hatcher, P., Kaiser, E., & Sulzberger, B. 937 
(2005). Characterizing the properties of dissolved organic matter isolated by XAD and C-18 938 
solid phase extraction and ultrafiltration. Aquatic Sciences, 67(1), 61-71. 939 
 940 
Sickman, J.O., DiGiorgio, C.L., Davisson, M.L., Lucero, D.M. and Bergamaschi, B. (2010) 941 
Identifying sources of dissolved organic carbon in agriculturally dominated rivers using 942 
radiocarbon age dating: Sacramento–San Joaquin River Basin, California. Biogeochemistry 99, 943 
79-96. 944 
 945 
Stephens, B.M. and Minor, E.C. (2010) DOM characteristics along the continuum from river to 946 
receiving basin: a comparison of freshwater and saline transects. Aquatic Sciences 72, 403-417. 947 
 948 
Sterner, R.W. (2010) In situ-measured primary production in Lake Superior. Journal of Great 949 
Lakes Research 36, 139-149. 950 
 951 
Stottlemyer, R. and Toczydlowski, D. (1991) Stream chemistry and hydrologic pathways during 952 
snowmelt in a small watershed adjacent Lake Superior. Biogeochemistry 13, 177-197. 953 
 954 
Stubbins, A., Niggemann, J. and Dittmar, T. (2012) Photo-lability of deep ocean dissolved black 955 
carbon. Biogeosciences 9, 1661-1670. 956 
 957 
Stubbins, A., Spencer, R.G., Chen, H., Hatcher, P.G., Mopper, K., Hernes, P.J., Mwamba, V.L., 958 
Mangangu, A.M., Wabakanghanzi, J.N. and Six, J. (2010) Illuminated darkness: Molecular 959 
signatures of Congo River dissolved organic matter and its photochemical alteration as revealed 960 
by ultrahigh precision mass spectrometry. Limnology and Oceanography 55, 1467-1477. 961 
36 
 
 962 
Stuiver, M. and Polach, H.A. (1977) Discussion; reporting of C-14 data. Radiocarbon 19, 355-963 
363. 964 
 965 
Sulzberger, B. and Durisch-Kaiser, E. (2009) Chemical characterization of dissolved organic 966 
matter (DOM): a prerequisite for understanding UV-induced changes of DOM absorption 967 
properties and bioavailability. Aquatic sciences, 71(2), 104-126. 968 
 969 
Tanentzap, A.J., Szkokan-Emilson, E.J., Kielstra, B.W., Arts, M.T., Yan, N.D. and Gunn, J.M. 970 
(2014) Forests fuel fish growth in freshwater deltas. Nature Communications 5, 4077. 971 
 972 
Tennant, C.J. (2016) Analysis of Inorganic Carbon and pH in the Western Arm of Lake Superior. 973 
UNIVERSITY OF MINNESOTA. 974 
 975 
Thurman, E.M. and Malcolm, R.L. (1981) Preparative isolation of aquatic humic substances. 976 
Environmental Science & Technology 15, 463-466. 977 
 978 
Trumbore, S., Schiff, S., Aravena, R. and Elgood, R. (1992) Sources and transformation of 979 
dissolved organic carbon in the Harp Lake forested catchment: the role of soils. Radiocarbon 34, 980 
626-635. 981 
 982 
Urban, N.R., Auer, M.T., Green, S.A., Lu, X., Apul, D.S., Powell, K.D. and Bub, L. (2005) 983 
Carbon cycling in Lake Superior. Journal of Geophysical Research: Oceans 110, C06S90. 984 
 985 
Vähätalo, A.V. and Wetzel, R.G. (2008) Long-term photochemical and microbial decomposition 986 
of wetland-derived dissolved organic matter with alteration of 13C: 12C mass ratio. Limnol. 987 
Oceanogr 53, 1387-1392. 988 
 989 
Ward, C. P., Sleighter, R. L., Hatcher, P. G., and Cory, R. M. (2014) Insights into the complete 990 
and partial photooxidation of black carbon in surface waters. Environmental Science: Processes 991 
& Impacts, 16(4), 721-731. 992 
 993 
Ward, C. P., & Cory, R. M. (2016) Complete and partial photo-oxidation of dissolved organic 994 
matter draining permafrost soils. Environmental Science & Technology, 50(7), 3545-3553. 995 
 996 
Wang, X.-C., Druffel, E.R., Griffin, S., Lee, C. and Kashgarian, M. (1998) Radiocarbon studies 997 
of organic compound classes in plankton and sediment of the northeastern Pacific Ocean. 998 
Geochimica et Cosmochimica Acta 62, 1365-1378. 999 
 1000 
Xie, H., Zafiriou, O. C., Cai, W. J., Zepp, R. G., & Wang, Y. (2004). Photooxidation and its 1001 
effects on the carboxyl content of dissolved organic matter in two coastal rivers in the 1002 
southeastern United States. Environmental Science and Technology, 38(15), 4113-4119. 1003 
 1004 
Zhang, F., Harir, M., Moritz, F., Zhang, J., Witting, M., Wu, Y., Schmitt-Kopplin, P., Fekete, A., 1005 
Gaspar, A. and Hertkorn, N. (2014) Molecular and structural characterization of dissolved 1006 
organic matter during and post cyanobacterial bloom in Taihu by combination of NMR 1007 
37 
 
spectroscopy and FTICR mass spectrometry. Water research 57, 280-294. 1008 
 1009 
Zigah, P., Minor, E., Werne, J. and Leigh McCallister, S. (2012) An isotopic (Δ14C, δ13C, and 1010 
δ15N) investigation of the composition of particulate organic matter and zooplankton food 1011 
sources in Lake Superior and across a size-gradient of aquatic systems. Biogeosciences 9, 3663-1012 
3678. 1013 
 1014 
Zigah, P.K. (2012) Sources, biogeochemical cycling, and fate of organic matter in Lake 1015 
Superior: An investigation using natural abundance radiocarbon and stable isotopes. 1016 
UNIVERSITY OF MINNESOTA. 1017 
 1018 
Zigah, P.K., Minor, E.C., Abdulla, H.A., Werne, J.P. and Hatcher, P.G. (2014) An investigation 1019 
of size-fractionated organic matter from Lake Superior and a tributary stream using radiocarbon, 1020 
stable isotopes and NMR. Geochimica et Cosmochimica Acta 127, 264-284. 1021 
 1022 
Zigah, P.K., Minor, E.C. and Werne, J.P. (2012) Radiocarbon and stable-isotope geochemistry of 1023 
organic and inorganic carbon in Lake Superior. Global Biogeochemical Cycles 26, GB1023. 1024 
 1025 
Zigah, P.K., Minor, E.C., Werne, J.P. and McCallister, S.L. (2011) Radiocarbon and stable 1026 
carbon isotopic insights into provenance and cycling of carbon in Lake Superior. Limnology and 1027 
Oceanography 56, 867-886. 1028 
 1029 
Zigah, P. K., A. P. McNichol, L. Xu, C. Johnson, C. Santinelli, D. M. Karl, and D. J. Repeta 1030 
(2017) Allochthonous sources and dynamic cycling of ocean dissolved organic carbon revealed 1031 
by carbon isotopes, Geophys. Res. Lett., 44, doi:10.1002/2016GL071348. 1032 
 1033 
1 
 
 1 
Table 1. Sampling depth, sample volumes, and elemental composition of HMW DOC isolated from eastern Lake Superior in June and 2 
August 2009. Total water depth at this site is 242 m.  3 
Sample Depth (m)
 
 
 
 
Total volume (L)
 
 
 
 
Retentate volume (L) Molar C:N
Mixed - June 2009     
Surface 5 
 
200 
 
1.25 23.6 
Deep 210 
 
400 
 
0.90 17.7 
Stratified - August 2009     
Surface 5 
 
400 
 
1.45 14.5 
Deep 210 
 
383 
 
1.20 17.8 
 4 
 5 
 6 
 7 
 8 
 9 
 10 
 11 
2 
 
Table 2. Concentrations and carbon isotopic compositions of total DOC (< ~0.7 μm), high molecular weight DOC (HMW DOC, > 12 
1kDa, <0.2 μm), solid phase extracted DOC (SPE DOC, <0.2 μm) and dissolved inorganic carbon (DIC) from eastern Lake Superior 13 
during isothermal condition in June and thermal stratification in August 2009. 14 
      
Season / Depth   DIC     
Total 
DOC     
HMW 
DOC     
SPE  
DOC   
                 
  µM δ13C (‰) 
∆14C 
(‰) µM 
δ13C 
(‰) 
∆14C  
(‰) µM 
δ13C  
(‰) 
∆14C 
(‰) µM 
δ13C  
(‰) 
∆14C 
(‰) 
Mixed – June 2009                
5 m 819  0.4 59 ± 4 91.7 -26.3 42 ± 4 10.8 -26.1 22 ± 4 60.0 -26.8 25 ± 3 
210 m 830  0.3 58 ± 2 90.4 -26.0 30 ± 4 9.3 -25.9 32 ± 3 64.0 -26.7  43 ± 2 
Stratified – August 2009                
5 m 810  0.9 59 ± 4 95.7 -26.0 54 ± 3 11.4 -26.0 54 ± 3 48.8 -26.5 41 ± 3 
210 m 824  0.3 63 ± 4 85.5 -25.9 46 ± 4 11.3 -26.3 51 ± 5 35.5 -26.4 30 ± 4 
15 
3 
 
Table 3. Radiocarbon and stable carbon isotopic composition of organic fractions extracted from 16 
HMW DOC from eastern Lake Superior in 2009. Instrumental precision of Δ14C and δ13C 17 
analyses are 3-5‰ and 0.15‰, respectively. The values in parenthesis are the ages in years BP. 18 
 Mixed-lake Stratified-lake  
Organic fraction δ13C (‰) Δ14C (‰) δ13C (‰) Δ14C (‰) 
Surface (5 m)   
Lipid-like -28.0 -204 (1770) -29.1 -153 (1270) 
Carbohydrate-like -25.8 31 -26.9 20 
Protein-like -25.0 nd -26.2 39 
Unhydrolysable 
material -26.6 59 -27.5 16 
Deep (210 m)   
Lipid-like -29.7 -256 (2320) nd nd 
Carbohydrate-like -26.9 28 nd nd 
Protein-like -25.2 34 -25.7 36 
Unhydrolysable 
material -26.7 25 -29.5 -57 
nd = sample lost during extraction, combustion to CO2 or graphitization.  19 
 20 
 21 
 22 
 23 
 24 
 25 
4 
 
 26 
Table 4. Elemental and isotopic composition of putative sources of DOC in the water column of Lake Superior.  27 
           Putative sources C:N δ13C (‰) ∆14C (‰) Reference 
In situ primary production 8-16 -26 to -27.8 61 Keough et al. 1996; this study 
Recent terrestrial vascular plant   35-48 -25 to -30 38 
Lara et al 1998; Lobbes et al. 2000; Guo et al, 
2003;this study 
Terrestrial vascular plants ca. 30-50 yr  35-48 -25 to -30 200-500 
Lara et al 1998; Lobbes et al. 2000; Guo et al, 
2003; this study 
Lake sediment organic carbon 10-12 -25.6 to -27.9 -36 to -180 Zigah et al. 2012; Li et al 2013 
Surficial soil organic carbon 10-12 -26 to -28 ca. 50 to -50 
Peterson and Fry 1987; Fry 1991; Marwick et 
al. 2015 
Deep horizon soil organic carbon 10-12 -26 to -28 ca. -200 to -400 
Peterson and Fry 1987; Fry 1991; Marwick et 
al. 2015 
 28 
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LIST OF FIGURES 1 
Figure 1. Sampling site in the eastern basin of Lake Superior. EM means eastern mooring. 2 
Figure 2. Depth profiles of (a) dissolved oxygen, temperature and chlorophyll-a florescence in 3 
the isothermal water column of Lake Superior in June 2009, and (b) dissolved oxygen, 4 
temperature and chlorophyll-a florescence (WETLabs WETStar, mg/m3) in the stratified water 5 
column of Lake Superior in August 2009. The oxycline and the thermocline were observed at 6 
~2-40 m, and the entire column remained oxygenated during stratification in August. 7 
Figure 3. Radiocarbon compositions of lake-water DIC from surface (5 m) and deep chlorophyll 8 
maximum (30-40m) depths and atmospheric CO2 covering the years 2004-2012. The ∆14C-DIC 9 
data was collated from Zigah 2012 and Zigah et al. 2011, 2012 and 2014. Where available, both 10 
the surface (5 m) and depth of deep chlorophyll maximum (30-40 m) were included. Data from 11 
2009-2010 were from the eastern region of the lake (and were similar to those from the western 12 
region of the lake) and data from 2007, 2008, and 2012 were from the western region of the lake 13 
(which we assume to be same as those at the eastern region of the lake given the similarity of the 14 
2009-2010 data in particular, and homogeneity of ∆14C-DIC in the lake in general as reported by 15 
Zigah et al. 2012). The atmospheric CO2 ∆14C data was adapted from Zigah 2012, Hseuh et al. 16 
2007, Graven et al. 2012 and Kruger 2014.   17 
Figure 4. Thermogram of (a) surface HMW DOC during stratification and mixed-lake 18 
conditions and (b) surface SPE DOC during stratification and mixed-lake conditions from 19 
eastern Lake Superior. CO2 values were normalized to the height of base peak. Different 20 
components were thermally oxidized at different temperature ranges. The radiocarbon values of 21 
the isolated thermal fractions are given for surface HMW DOC during mixed-lake (c) and 22 
stratified conditions (e) for surface SPE DOC during mixed lake (d) and stratified conditions (f). 23 
The values within the histograms are the carbon mole percent of each thermal fraction. The error 24 
bars are 1σ accelerator mass spectrometer (AMS) instrumental precision. 25 
Figure 5. Radiocarbon composition of DIC, SPE DOC, HMW DOC, and compound classes 26 
isolated from HMW DOC (carbohydrate-like, protein-like, lipid-like and unhydrolysable 27 
fractions from (a) the surface waters (5 m) during mixed-lake condition (b) the deep waters (210 28 
m) during mixed-lake condition (c) surface waters during stratification (d) deep waters during 29 
stratification.  30 
Figure 6. ∆14C and δ13C cross-plots of SPE DOC, HMW DOC and organic fractions from HMW 31 
DOC from (a) the surface waters (5 m) during mixed-lake condition (b) the deep waters (210 m) 32 
during mixed-lake condition (c) surface waters during stratification (d) deep waters during 33 
stratification. The lipid-like fraction was more depleted than the other organic fractions.  34 
 35 
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